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Abs t r ac t  
Mass c u l t u r e s  of a lgae  grown without  s t r i c t  mainte-  
nance of axen ic  c o n d i t i o n s  r e a d i l y  become contaminated wi th  
h e t e r o t r o p h i c  b a c t e r i a .  Contaminant popula t ions  from 1 0  t o  
1 0  
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v i a b l e  c e l l s  p e r  m l  of a l g a l  c u l t u r e  a r e  f r e q u e n t l y  en- 
countered.  Growth of  b a c t e r i a  i n  a l g a l  c u l t u r e s  i s  a func t ion  
of and c l o s e l y  fo l lows  a l g a l  growth. O n l y  a l i m i t e d  number of 
b a c t e r i a l  forms occur  i n  l a r g e  numbers i n  mass c u l t u r e s  of 
C h l o r e l l a .  S o i l ,  a i r ,  and p u t r e f a c t i v e  b a c t e r i a  (general ly  do 
n o t  s u r v i v e  i n  a l g a l  c u l t u r e s :  however, two s p e c i e s  of an e n t e r i c  
pathogen grow w e l l  f o r  prolonged p e r i o d s .  
n i f i c a n t l y  dec rease  t h e  growth of C h l o r e l l a ,  bu t  t h e i r  e f f e c t s  
a r e  non-addi t ive  and appa ren t ly  n o n - p a r a s i t i c  i n  n a t u r e .  F i l -  
t r a t e s  of axenic  a l g a l  c u l t u r e s  suppor t  p r o l i f i c  growth of con- 
taminant  b a c t e r i a .  Dia lyzable  o rgan ic  m a t e r i a l s  excre ted  by 
a l g a e  du r ing  growth s e r v e  a s  t he  major source  of n u t r i e n t s  f o r  
b a c t e r i a l  growth. Chromatographic ana lyses  of axenic  a l g a l  f i l -  
Seve ra l  b a c t e r i a  s i g -  
t r a t e s  r e v e a l  a v a r i e t y  of organic  a c i d s ,  amino a c i d s ,  and com- 
pounds of h i g h e r  molecular  weight.  Growth dynamics of s e l e c t e d  
b a c t e r i a  i n  a l g a l  c u l t u r e s  i s  r e l a t e d  t o  d i f f e r e n t i a l  u t i l i z a t i o n  
of  a l g a l  e x c r e t o r y  p roduc t s .  
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In t roduc t ion  
I n t e r a c t i o n s  t h a t  occur  between b a c t e r i a  and a l g a e  undoubtedly 
a f f e c t  t h e  phys io logy  and p r o d u c t i v i t y  of  a q u a t i c  communities (Fogg, 
1962 ;  Fogg, 1965) .  B a c t e r i a  have been r epor t ed  t o  enhance a l g a l  
growth (McLachlan and Yentsch, 1959; Nakamura, 1959) ,  bu t  a r e  gen- 
e r a l l y  be l ieved  t o  have l i t t l e  o r  no e f f e c t  on a l g a l  p r o d u c t i v i t y  under 
c o n d i t i o n s  o therwise  optimum f o r  growth (Mayer e t  a l . ,  1964; Myers e t  
a l . ,  1951; Myers, 1957) .  I n  c o n t r a s t ,  a l g a e  have been shown t o  bo th  
s t i m u l a t e  (Fogg, 1965) and i n h i b i t  ( P r a t t ,  1940) growth of a s s o c i a t e d  
b a c t e r i a .  The d i v e r s e  r e l a t i o n s h i p s  observed appear t o  be  s p e c i e s  
con t ingen t  and inf luenced  t o  a l a r g e  degree by t h e  chemical and phys- 
i c a l  environment.  Soluble  o rgan ic  compounds, a s  found i n  l a k e s  and 
s t r eams ,  suppor t  t h e  growth of  h e t e r o t r o p i c  b a c t e r i a  and se rve  t o  
compl ica te  t h e  e c o l o g i c a l  and biochemical r e l a t i o n s h i p s  involved.  Sea- 
s o n a l  f l u c t u a t i o n s  i n  temperature  and r a i n f a l l  a r e  probably  modifying 
parameters .  
Our i n t e r e s t  i n  a l g a l - b a c t e r i a l  i n t e r a c t i o n s  was prompted by t h e  
knowledge t h a t  l a b o r a t o r y  c u l t u r e s  of u n i c e l l u l a r  green  a l g a e ,  grown 
a u t o t r o p h i c a l l y  i n  l i q u i d  inorganic  media, f r e q u e n t l y  become h e a v i l y  
contaminated wi th  b a c t e r i a .  Contaminant popu la t ions  o f t e n  reach l e v e l s  
Qf 10 
i c a n c e  h a s  been a t t r i b u t e d  t o  contaminat ion and it i s  f r e q u e n t l y  i g -  
nored.  Krauss and Thomas (1954) have suggested t h a t  contaminant bac- 
t e r i a  grow on a l g a l  c e l l  wa l l  d e b r i s  and p o s s i b l y  a l g a l  exc re to ry  prod- 
u c t s .  
6 tc 10’ vi;ble b a c t e r i a  p e r  r~ of c i i l i u r e ,  yet i i t t i e  s i g n i f -  
c 
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Our studies were initiated to elucidate the role of contaminant 
bacteria in mass cultures of algae used for photosynthetic gas ex- 
change. Although quantitative data are lacking, it is believed by 
some investigators that bacterial contaminants are responsible for or 
are associated with a variety of algal mass culture maladies various- 
l y  described as foaming, fouling, and sticking. 
This paper presents results of NASA supported (NASA-Defense PR 
No. R-99) research on algal-bacterial relationships conducted at the 
USAF School of Aerospace Medicine, Brooks Air Force Base, Texas. The 
early phases of this investigation have been reported (Ward et al., 
1964; Vela and Guerra, 1966a; Vela and Guerra, 196633). A final re- 
port and manuscripts dealing with identification and bacterial uti- 
lization of algal excretory products are in preparation (Ward and 
Moyer, 1966; Smith et al., 1967a; Smith et al., 1967b). Hence, de- 
tailed experimental procedures will not be given in this paper. 
All experimentation was done using the thermotolerant (39OC) alga 
Chlorella pyrenoidosa ~X71105 (Sorokin and Myers, 1953) which has been 
recently renamed Chlorella sorokiniana (Shihira and Krauss, 1963). 
Algal cultures were grown on inorganic media (Knop's) in illuminated 
water baths, annular chambers, thin-panel mass culture devices, and 
constant temperature incubator-shakers. Cultures were illuminated 
with fluorescent lamps and aerated with carbon dioxide enriched air 
(1 to 5 per cent). All experiments were.performed with axenic algal 
cultures unless deliberately contaminated with selected bacteria. Bac- 
teria were isolated and enumerated using standard bacteriological pro- 
cedures. 
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B a c t e r i a l  Contaminants of Alga l  C u l t u r e s  
Krauss and Thomas (1954)  found t h a t  a bac te r ium probably  belong-  
ing  t o  t h e  genus Flavobacter ium was most common i n  c u l t u r e s  of  
Scenedesmus ob l iquus .  A Flavobacter ium sp .  was also found t o  be prev-  
v a l e n t  i n  c u l t u r e s  of C h l o r e l l a  v u l q a r i s  (Levinson and Tew, 1961) .  
I s o l a t i o n s  from our a l g a l  mass c u l t u r e s  revea led  a v a r i e t y  of 
b a c t e r i a l  forms: s e v e r a l  occurred i n  l a r g e  numbers. I n  an e f f o r t  t o  
o b t a i n  a b e t t e r  r e p r e s e n t a t i v e  sampling of t h e  types  of b a c t e r i a  t h a t  
i n h a b i t  a l g a l  c u l t u r e s ,  we obtained samples of  TX71105 c u l t u r e s  from 
f i v e  o t h e r  l a b o r a t o r i e s .  Resu l t s  of our  i s o l a t i o n s  a r e  presented  i n  
Ta1)le 1. O n l y  b a c t e r i a  occurr ing  i n  l a r g e  numbers were i d e n t i f i e d .  
All s p e c i e s  i s o l a t e d  were h e t e r o t r o p h i c .  I t  i s  ev iden t  t h a t  on ly  a 
l i m i t e d  number of b a c t e r i a  reach l a r g e  popu la t ions  i n  a l g a l  c u l t u r e s .  
I t  i s  a l s o  s i g n i f i c a n t  t h a t  Pseudomonas aeruqinosa  and Mima polymorpha 
w e r e  i s o l a t e d  from a l l  c u l t u r e s  examined. 
I n  o t h e r  experiments  i n  t h i s  s e r i e s  (Vela and Guerra ,  1966a) i t  
was shown t h a t  most s o i l  and a i r  b a c t e r i a  do not  su rv ive  when inoc-  
u l a t e d  i n t o  axenic  a l g a l  c u l t u r e s .  However, two e n t e r i c  pathogens,  
Sa lmonel la  t y p h i  and 2. p a r a t y p h i ,  grew w e l l  i n  a l g a l  c u l t u r e s  f o r  pro-  
longed p e r i o d s .  Thus, a h i g h l y  s e l e c t i v e  mechanism appears  t o  be oper-  
a t i v e  and  t h e  unexpected growth of human pathogens sugges ts  t h a t  i t  
may be  necessary  t o  s e p a r a t e  t h e  b i o l o g i c a l  components of  r e g e n e r a t i v e  
l i f e  suppor t  systems.  
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Growth of B a c t e r i a  i n  Algal  C u l t u r e s  
E a r l i e r  work with l a r g e  (8  l i t e r )  ba t ch  a l g a l  c u l t u r e s  b y  Ward 
e t  a l .  (1963) showed what appeared t o  be a d i r e c t  r e l a t i o n s h i p  be- 
tween growth of a l g a e  and contaminant b a c t e r i a .  Experiments performed 
w i t h  s m a l l e r ,  more manageable c u l t u r e s ,  d e l i b e r a t e l y  contaminated wi th  
s e l e c t e d  b a c t e r i a ,  have served t o  c l a r i f y  t h i s  r e l a t i o n s h i p .  
When d i l u t e  a l g a l  c u l t u r e s  a r e  exposed t o  l i g h t  of  s a t u r a t i n g  i n -  
t e n s i t y  (about  2000 f t - c )  growth i s  exponen t i a l .  Figiire 1 shows t h a t  
contaminants  i n  l i g h t  s a t u r a t e d  c u l t u r e s  a l s o  grow exponen t i a l ly .  
A lga l  c u l t u r e s  grown under l i g h t  l i m i t e d  c o n d i t i o n s  demonst ra te  l i n e a r  
growth where t h e  increment of c e l l  i n c r e a s e  i s  cons t an t  w i th  t ime. 
Contaminants i n  l i g h t  l i m i t e d  a l g a l  c u l t u r e s  a l s o  i n c r e a s e  a t  a l i n e a r  
r a t e  (F igu re  2 ) .  These d a t a  confirm and extend t h e  e a r l i e r  work (Ward 
e t  a l . ,  1963) and c l e a r l y  demonst ra te  t h e  dependence of  b a c t e r i a l  
growth on a l g a l  growth. These d a t a  a l s o  sugges t ,  b u t  do no t  demon- 
s t r a t e ,  a n u t r i t i o n a l  r e l a t i o n s h i p  between b a c t e r i a  and a l g a e  i n  mixed 
c u l t u r e  a s  proposed by Krauss and Thomas (1954) .  A n u t r i t i o n a l  o r  
pa thogen ic  r e l a t i o n s h i p  would appear necessary  because,  w i th  t h e  
excep t ion  of EDTA (ethylenediamine t e t r a a c e t i c  a c i d )  used f o r  che la -  
t i o n  of  t r a c e  elements ,  t h e  a l g a l  medium contained only  ino rgan ic  s a l t s  
and d i s t i l l e d - d e i o n i z e d  water .  
e n t  i n  t h e  a l g a l  c u l t u r e s  and hence, r equ i r ed  a source  of f ixed  c a r -  
bon f o r  growth. Blasco (1963) has  proposed a pa thogenic  r e l a t i o n s h i p  
t o  e x p l a i n  growth of b a c t e r i a  i n  a l g a l  c u l t u r e s .  
Only  h e t e r o t r o p h i c  b a c t e r i a  were p re s -  
F i g u r e  3 i l l u s t r a t e s  t h e  d i f f e r e n t  p a t t e r n s  of b a c t e r i a l  growth 
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when p r e s e n t  a s  s i n g l e  contaminants  i n  a l g a l  ba t ch  c u l t u r e s .  Bac- 
t e r i a l  growth p a t t e r n s  undoubtedly r e f l e c t  t hose  of a l g a l  growth t o  
some e x t e n t  s i n c e  t h e  experiments  were done on d i f f e r e n t  days.  How- 
e v e r ,  t o t a l  a l g a l  growth for a l l  c o n t r o l  experiments  was about  3.5 
mg/ml, i n d i c a t i n g  t h a t  b a c t e r i a l  growth i s  dependent on both  t h e  spe- 
c i e s  of b a c t e r i a  involved and t h e  amount and h a b i t  of a l g a l  growth. 
Concurrent  growth of t h e  f i v e  b a c t e r i a  i n  a ba t ch  c u l t u r e  of  TX71105 
c l e a r l y  i n d i c a t e s  dominance of some b a c t e r i a l  s p e c i e s  (F igure  4 ) .  E. 
an i t r a tum,  E. an i t r a tum ( a t y p i c a l ) ,  and 3. polymorpha cannot  be  r e a d i l y  
d i s t i n g u i s h e d  on t h e  b a s i s  of c o l o n i a l  form, hence,  t h e  t o t a l  count  
f o r  t h e  t h r e e  i s  g iven .  The gram nega t ive  b a c i l l u s  appears  t o  have 
t h e  g r e a t e s t  compe t i t i ve  advantage.  Of s p e c i a l  i n t e re s t  i s  t h a t  - M. 
polymorphs grew poor ly  i n  a s s o c i a t i o n  wi th  o t h e r  b a c t e r i a ,  b u t  re- 
produced p r o f u s e l y  when p r e s e n t  a s  a s i n g l e  contaminant .  These ex- 
per iments  sugges t  t h a t  i n t e r s p e c i e s  antagonism may a l s o  be involved 
i n  t h e  growth dynamics of  b a c t e r i a  i n  a l g a l  c u l t u r e s .  
To de te rmine  i f  contaminant b a c t e r i a  i n f l u e n c e  t h e  growth of 
a l g a e ,  growth of  contaminated ba tch  c u l t u r e s  was compared t o  t h a t  of 
uncontaminated c o n t r o l s  (Table 2 ) .  Data f o r  a l g a l  growth a r e  ex- 
p r e s s e d  a s  pe r  c e n t  o f  c o n t r o l s .  B a c t e r i a  had a minor e f f e c t  on t h e  
o p t i c a l  d e n s i t y  o f  a.lrjal ~ i ~ l t i ~ r e s -  ~c?wever, f o ~ r  e5 the s i x  bacter ia  
reduced a l g a l  c e l l  number b y  about 2 0  per  c e n t  and caused a 5 t o  1 3  
p e r  c e n t  dec rease  i n  c u l t u r e  d r y  weight .  The b a c t e r i a l  c o n t r i b u t i o n  
t o  c u l t u r e  mass averaged one per  c e n t  o r  less.  pS. aeruginosa  re- 
duced a l g a l  growth even a t  l o w  c o n c e n t r a t i o n s ;  however, t h e  combined 
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e f f e c t s  of f i v e  b a c t e r i a  growing i n  t h e  same c u l t u r e  d i d  n o t  exceed 
t h a t  of any d e t r i m e n t a l  bac te r ium a c t i n g  independent ly .  These d a t a  
q u a n t i t a t i v e l y  show t h e  adverse e f f e c t s  of c e r t a i n  b a c t e r i a  on a l g a l  
growth. One can on ly  specu la t e  about  t h e  mechanism involved;  however, 
i t  i s  s i g n i f i c a n t  t h a t  repeated microscopic  examinat ions revea led  no 
evidence of  an i n f e c t i o u s  pathogenic  r e l a t i o n s h i p .  
Growth of B a c t e r i a  i n  Alga l  C u l t u r e  F i l t r a t e s  
Because no evidence of p a r a s i t i s m  o r  i n f e c t i o u s  d i s e a s e  was ob- 
se rved ,  experiments  were performed t o  de te rmine  i f  a l g a l  c e l l  w a l l s  
r e l e a s e d  du r ing  c e l l  d i v i s i o n  o r  p roduc t s  excre ted  du r ing  growth serve 
a s  n u t r i e n t  f o r  growth of contaminant b a c t e r i a .  I n  a d d i t i o n ,  t h e  pos- 
s i b i l i t y  e x i s t s  t h a t  a l g a e  e x c r e t e  b a c t e r i a l  m e t a b o l i t e s  i n  response 
t o  t h e  presence  of  b a c t e r i a .  ~f a l g a e  normally e x c r e t e  s o l u b l e  o r -  
g a n i c  m a t e r i a l s ,  t h e  e f f l u e n t  from b a c t e r i a - f r e e  a l g a l  c u l t u r e s  should 
c o n t a i n  subs tances  o x i d i z a b l e  by h e t e r o t r o p h i c  b a c t e r i a .  
S t e r i l e ,  c e l l  w a l l  f r e e ,  a l g a l  e f f l u e n t  was prepared  from 2 4  
hour  axen ic  c u l t u r e s  by  c e n t r i f u g a t i o n  and passage through 0.45,U 
membrane f i l t e r s .  T e s t  b a c t e r i a  w e r e  grown on t r y p t i c a s e  soy b r o t h ,  
c e n t r i f u g e d ,  washed twice wi th  s a l i n e ,  and s t a rved  f o r  varying p e r i -  
ods of t i m e  depending on t h e  experiment.  
F i g u r e  5 shows t y p i c a l  r e s u l t s  ob ta ined  by Warburg resp i romet ry .  
S i m i l a r  r e s u l t s  were obta ined  with - M. pol.ymorpha, E. an i t r a tum,  and 
B.  a n i t r a t u m  ( a t y p i c a l ) .  The presence of s u b s t r a t e s  i n  a l g a l  e f f l u -  
e n t  o x i d i z a b l e  by t h e  t e s t  b a c t e r i a  i s  c l e a r l y  e v i d e n t .  A t y p i c a l  
growth curve i s  shown i n  F igure  6. A l l  s i x  of t h e  b a c t e r i a  t e s t e d  
~ ~ ~~~ ~ 
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(see Table  2 )  i nc reased  by  a t  least  two l o g s  i n  8 hour s  i n  20 m l  por-  
t i o n s  of t h e  a lga l  e f f l u e n t .  T h e  s m a l l  i n c r e a s e  observed i n  Knop's 
( c o n t r o l )  proved t o  be due t o  stored food r e s e r v e s .  Experiments t o  
de te rmine  i f  EDTA could  s e r v e  a s  a carbon source  f o r  the t e s t  bac- 
t e r i a  w e r e  nega t ive .  
Another experiment  i n  t h i s  se r ies  ( V e l a  and Guerra ,  1966) w a s  
designed t o  de te rmine  i f  bacteria s e l e c t i v e l y  remove c e r t a i n  compounds 
when growing i n  a l g a l  c u l t u r e s ,  b u t  l e a v e  o t h e r s  s u b j e c t  t o  oxida-  
t i o n  by  d i f f e r e n t  bacteria.  A l g a l  c u l t u r e s  w e r e  grown i n  combination 
w i t h  the t e s t  bacter ia  and the presence of o x i d i z a b l e  ma te r i a l s  i n  c u l -  
t u r e  f i l t r a t e s  determined by Warburg r e sp i romet ry  (Table 3 ) .  I t  i s  
e v i d e n t  t h a t  a t  l ea s t  two o r  more subs t ances  are  exc re t ed  by  TX71105 
s i n c e  t h e  gram n e g a t i v e  b a c i l l u s  ox id ized  subs t ances  n o t  s u b j e c t  t o  
breakdown by t h e  o t h e r  b a c t e r i a  t e s t e d .  
o f  e x c r e t o r y  p roduc t s  could  exp la in  d i f f e r e n c e s  i n  compe t i t i ve  ad- 
van tage  observed i n  t h e  growth experiments .  
T h e  p re sence  o f  s e v e r a l  t y p e s  
I d e n t i f i c a t i o n  o f  A lga l  Exc re to ry  P roduc t s  
Because p rev ious  experiments  showed t h a t  s o l u b l e  subs t ances  o f  
a lga l  o r i g i n  s e r v e  as n u t r i e n t  f o r  growth o f  contaminant  bacter ia ,  it 
appeared  impor tan t  t o  i d e n t i f y  t h e s e  s i ibstancec.  as ;r prp1i~dp ts eval- 
u a t i n g  t h e i r  u t i l i z a t i o n  b y  b a c t e r i a .  
Fogg (1962; 1966) has reviewed a v a i l a b l e  informat ion  on t h e  e x t r a -  
c e l l u l a r  p roduc t s  o f  algae.  Marine phytoplankton have r e c e n t l y  been 
shown t o  excrete up t o  2 5  per cen t  o f  t h e i r  pho toass imi l a t ed  carbon 
Ward and Moyer 8 
d u r i n g  l o g a r i t h m i c  growth (He l l ebus t ,  1965) .  The e x c r e t i o n  o f  g ly -  
c o l i c  a c i d  by - C.  pyrenoidosa  du r ing  pho tosyn thes i s  h a s  been ex tens ive -  
ly s t u d i e d  by  T o l b e r t  and Z i l l  (1956) .  S e v e r a l  o r g a n i c  a c i d s  have 
been r e p o r t e d  as a l g a l  e x t r a c e l l u l a r  p roduc t s .  Goryunova (see Fogg, 
1962)  found o x a l i c ,  t a r t a r i c ,  s u c c i n i c ,  and o t h e r  o r g a n i c  a c i d s  i n  f i l -  
t r a t e s  from c u l t u r e s  o f  O s c i l l a t o r i a  sp l end ida .  Apprec iab le  q u a n t i t i e s  
o f  g l y c o l i c ,  o x a l i c ,  and probably py ruv ic  a c i d s  w e r e  r e p o r t e d  by A l l e n  
(1956) t o  be exc re t ed  by  va r ious  species o f  Chlamydomonas. Other  a l g a l  
e x c r e t o r y  p roduc t s ,  such as amino a c i d s  and p e p t i d e s ,  carbohydra tes ,  
v i t amins  and growth subs t ances ,  i n h i b i t o r s  and a n t i b i o t i c s ,  t o x i n s ,  
and enzymes have been r epor t ed  (Fogg, 1962) .  The l i t e r a t u r e  concern- 
i ng  a l g a l  e x c r e t i o n s  i s  i n c o n s i s t e n t :  y e t  t h e r e  appears  t o  be c e r t a i n  
species spec i f ic i t ies  w i t h  r e s p e c t  t o  t h e  subs t ances  exc re t ed  as  
e x t r a c e l l u l a r  p roduc t s .  
Axenic a l g a l  c u l t u r e s  w e r e  grown i n  400 m l  o f  s t e r i l e  Knop's 
0 
medium i n  one l i t e r  Erlenmeyer f l a s k s .  F l a s k s  w e r e  h e l d  a t  37 C i n  
a Model B-27 New Brunswick incubator -shaker  and i l l u m i n a t e d  from be- 
n e a t h  a t  about  2,000 f t - c  w i th  f l u o r e s c e n t  l i gh t s .  A gaseous atmo- 
sphere c o n t a i n i n g  4 per c e n t  carbon d i o x i d e  w a s  maintained.  Dense 
c u l t u r e s  w e r e  t r a n s f e r r e d  t o  s t e r i l e  200 m l  c e n t r i f u g e  t u b e s  and cen-  
t r i f u g e d  f o r  40 minutes  a t  7,000 r p m  w h i l e  be ing  maintained a t  2 C .  
The s u p e r n a t a n t  f l u i d  w a s  t h e n  passed  through 0.45,U membrane f i l t e r s .  
100 m l  samples of c u l t u r e  f i l t r a t e  w e r e  d i a lyzed  f o r  36 hour s  a t  5 C 
aga ins t  f i v e  changes (350 m l  each) o f  d i s t i l l e d ,  de ion ized  w a t e r .  The 
d i a l y s a t e  was c o l l e c t e d  and s t o r e d  a t  5OC and subsequent ly  concen- 
0 
0 
t r a t ed  t o  a volume of  l ess  than 100 m l  i n  a r o t a r y  evapora to r .  
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F r a c t i o n a t i o n  schemes f o r  t h e  concen t r a t ed  d i a l y s a t e s  are  shown i n  
F i g u r e s  7 and 8. A f t e r  d i a l y s a t e s  w e r e  s e p a r a t e d  i n t o  v a r i o u s  com- 
ponents ,  t h e  f r a c t i o n s  w e r e  evaporated t o  2 m l  i n  a r o t a r y  evapora tory .  
S tandard  paper  chromatographic procedures  w e r e  used f o r  q u a l i t a t i v e  
i d e n t i f i c a t i o n  o f  subs t ances  p r e s e n t  i n  the v a r i o u s  f r a c t i o n s  (Smith 
e t  a l . ,  1967a; Smith e t  a l . ,  1967b).  Some amino a c i d  a n a l y s e s  w e r e  
performed u s i n g  t h e  Technicon Amino Acid Analyzer .  Other  s t a n d a r d  
a n a l y t i c a l  methods w e r e  used as needed. Table 4 l i s t s  t h e  major con- 
s t i t u e n t s  i d e n t i f i e d  i n  axen ic  c u l t u r e  f i l t r a t e s  o f  C h l o r e l l a  TX71105. 
S e v e r a l  o f  t h e  compounds d e t e c t e d  w e r e  n o t  i d e n t i f i e d .  Q u a n t i t a t i o n  
of o r g a n i c  acids w a s  accomplished w i t h  great  d i f f i c u l t y  and w i t h  less 
p r e c i s i o n  than  d e s i r e d .  The h igh  molecular  weight  groups of compounds 
found i n  t h e  non-d ia lyzable  f r a c t i o n  w e r e  n o t  f u r t h e r  i d e n t i f i e d .  Many 
o f  the subs t ances  i d e n t i f i e d  are known t o  s e r v e  as sources  o f  carbon 
and energy  f o r  the growth of  h e t e r o t r o p h i c  b a c t e r i a .  
U t i l i z a t i o n  o f  A l g a l  
Exc re to ry  Products  b y  S e l e c t e d  Bacter ia  
U t i l i z a t i o n  of  a lga l  e x c r e t o r y  p r o d u c t s  w a s  s t u d i e d  u s i n g  f o u r  
bacter ia  growing s i n g l y  and i n  combination i n  axenic  c u l t u r e  f i l -  
t ra tes .  C u l t u r e  f i l t r a t e s  w e r e  p repa red  a s  p r e v i o u s l y  d e s c r i b e d  
from a l g a l  c u l t u r e s  c o n t a i n i n g  approximately 10 cel ls /ml .  T e s t  bac- 
t e r i a  w e r e  grown on t r y p t i c a s e  soy b r o t h  as  p r e v i o u s l y  d e s c r i b e d  and 
3 s t a r v e d  f o r  two hour s  i n  0.9 per  c e n t  s a l i n e  s o l u t i o n .  I n o c u l a  o f  10 
v i a b l e  ce l l s  o f  each bac ter ium w e r e  added s i n g l y  and i n  combination t o  
separate 200 ml p o r t i o n s  of axenic c u l t u r e  f i l t r a t e  and incubated  wi th  
8 
- 
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a g i t a t i o n  f o r  2 4  hours  a t  37°C. Bacteria w e r e  separated by c e n t r i f -  
uga t ion  and f i l t r a t i o n .  Metabolized f i l t r a t e s  w e r e  f r a c t i o n a t e d  for  
ana lyses  us ing  procedures  shown i n  F igu res  7 and 8. 
Organic  a c i d s  w e r e  assayed spec t ropho tomet r i ca l ly .  G l y c o l i c  a c i d  
w a s  measured u s i n g  2,7-naphthalenediol  f o r  c o l o r  development. P r e -  
c i s i o n  o f  the technique  w a s  s e v e r e l y  l i m i t e d  by  i n t e r f e r e n c e s  caused 
by  t h e  p re sence  o f  o t h e r  o r g a n i c  acids. The s t anda rd  a d d i t i o n  tech- 
n ique  w a s  o n l y  p a r t i a l l y  e f f e c t i v e ,  depending on the t y p e s  of o r g a n i c  
a c i d s  p r e s e n t .  A s  a consequence, o n l y  d a t a  f o r  l a c t i c  a c i d  and g ly -  
c o l i c  a c i d  w i l l  be p resen ted .  
Ninhydr in-pos i t ive  subs t ances  w e r e  assayed u s i n g  the Technicon 
Amino Acid Analyzer .  Seve ra l  subs t ances  which appeared t o  be p e p t i d e s  
could  n o t  be d e f i n i t e l y  i d e n t i f i e d .  One p e p t i d e - l i k e  subs tance  oc- 
c u r r e d  i n  la rge  q u a n t i t i e s  and w a s  o n l y  s l i g h t l y  metabol ized by t h e  
t e s t  bacter ia .  Other  unknowns occurred i n  t race amounts on ly .  Quan- 
t i t a t i o n  of  the amino a c i d s  w a s  r e l a t i v e l y  good. Summary d a t a  on ele- 
ven amino a c i d s  and t w o  o r g a n i c  a c i d s  a re  p resen ted  (Table 5 ) .  
With the except ion  o f  the o rgan ic  acids ,  - B.  a n i t r a t u m  ( t y p i c a l )  
and E. a n i t r a t u m  (atypical) u t i l i z e d  a lga l  e x c r e t o r y  p roduc t s  t o  about  
the  s a m e  e x t e n t .  The a t y p i c a l  s t r a i n  u t i l i z e d  b o t h  l ac t ic  acid and g l y -  
c o l i c  a c i d s :  however, these a c i d s  w e r e  n o t  metabol ized b y  t h e  c l o s e l y  
re la ted t y p i c a l  s t r a i n .  g. polymorpha f a i l e d  t o  use  e i t h e r  o rgan ic  ac id ,  
b u t  the  gram n e g a t i v e  b a c i l l u s  u t i l i z e d  a l l  o f  the l a c t i c  acid and 
a p p a r e n t l y  exc re t ed  g l y c o l i c  ac id .  The gram n e g a t i v e  b a c i l l u s  a l s o  
f a i l e d  t o  u t i l i z e  l e u c i n e  and i s o l e u c i n e ,  b u t  w a s  the o n l y  bac ter ium 
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t h a t  removed t h e  trace of  l y s i n e  p r e s e n t  i n  t h e  c u l t u r e  f i l t r a t e s .  
Although d a t a  are  incomplete ,  a s says  f o r  t o t a l  o r g a n i c  acids i n d i c a t e d  
t h a t  u t i l i z a t i o n  of amino a c i d s  by t h e  t e s t  b a c t e r i a  was remarkably 
g r e a t e r  t h a n  u t i l i z a t i o n  of  o r g a n i c  a c i d s .  The e c o l o g i c a l  s i g n i f i -  
cance o f  t h i s  f i n d i n g  is  n o t  r e a d i l y  appa ren t .  However, i t  should be 
noted t h a t  t h e  combined a c t i v i t i e s  o f  t h e  f o u r  bacter ia  served  t o  
e s s e n t i a l l y  e l i m i n a t e  t h e  products  e x c r e t e d  d u r i n g  a l g a l  growth. T h i s  
f i n d i n g  was p r e v i o u s l y  demonstrated i n  the manometry s t u d i e s  (Table  3 )  
and may e x p l a i n  t h e  tendency o f  a l g a l  c u l t u r e s  t o  suppor t  o n l y  a few 
t y p e s  o f  bacteria when unpro tec ted  from o u t s i d e  contaminants .  I f  t h e  
contaminant  f l o r a  removes e x c r e t o r y  p r o d u c t s  a s  r a p i d l y  a s  t h e y  are 
r e l e a s e d  by  growing a l g a e ,  contaminat ion by o t h e r  h e t e r o t r o p i c  bac- 
t e r i a  would s e e m  u n l i k e l y .  Thus it may be p o s s i b l e  t o  e s t a b l i s h  a 
known b a c t e r i a l  f l o r a  i n  a l g a l  c u l t u r e s  t h a t  would e f f e c t i v e l y  p r e v e n t  
i n v a s i o n  by less  desirable  (more harmful )  forms and hence improve s t a -  
b i l i t y .  I t  now appears  t h a t  t h e  observed d e t r i m e n t a l  e f f e c t s  of  bac- 
t e r i a  on a l g a l  growth may be due o n l y  t o  t h e i r  u t i l i z a t i o n  o f  t h e  prod- 
u c t s  e x c r e t e d .  T h i s  would r e p r e s e n t  loss of carbon and e f f i c i e n c y  i f  
a l g a e  normally r eabso rb  e x t r a c e l l u l a r  m a t e r i a l s .  
may a lso be t o x i c  t o  a l g a e .  However, w e  found u r e a ,  a known n i t r o g e n  
s o u r c e  f o r  C h l o r e l l a  TX71105, t o  be a major e x c r e t o r y  product  n f  three 
of t h e  f o u r  t e s t  bacter ia .  Other b a c t e r i a l  p roduc t s  i d e n t i f i e d  w e r e  
meth ionine ,  t ryp tophan ,  and glucosamine. 
B a c t e r i a l  p roduc t s  
Contaminated a l g a l  mass c u l t u r e s  r e p r e s e n t  complex e c o l o g i e s  t h a t  
can be s u b j e c t e d  t o  q u a n t i t a t i v e  i n v e s t i g a t i o n .  I n v e s t i g a t i o n s  o f  t h e  
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t y p e  r e p o r t e d  should be extended t o  t h e  s t u d y  of n a t u r a l  systems and 
t o  t h e  complex i n t e r a c t i o n s  t h a t  undoubtedly occur  i n  m a s s  c u l t u r e s  
of o t h e r  organisms be ing  considered f o r  b i o r e g e n e r a t i o n ,  e.g., Hydro- 
qenomonas spp. 
~~ ~ ~~~~ 
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Table 1. Bacteria isolated from mass cultures of Chlorella 
pyrenoidosa TX71105 (Ward et al., 1964) 
.- 
Source Organisms isolated 
USAF School of Aerospace Medicine 1. - Ps. aeruqinosa 
Brooks AFB, Texas 2. Mima polymorpha 
3 .  Gram negative bacillus (yellow 
4. Bacillus sp. 
pigment ) 
Martin Company 
Denver, Colorado 
University of Maryland 
College Park 
Armed Forces Food & Container 
Institute, Chicago, Illinois 
G ener a 1 Dynamic s/E 1 ectr ic 
Boat, Groton, Connecticut 
U.S. Naval Research Lab. 
Washington, D.C. 
1. - Ps. aeruginosa 
2. Mima polymorpha 
3 .  Bacterium anitratum (typical 
strain) 
4. Staph. epidermidis 
5. Serratia marcescens 
1. - PS. aeruginosa 
2. Mima polymorpha 
3 .  Bacterium anitratum (atypical 
strain) 
4. Aerobacter cloacae 
1. 
2. 
3 .  
4. 
5. 
1. 
2. 
3 .  
- Ps. aeruqinosa 
Mima polymorpha 
Bacterium anitratum (typical 
Bacterium anitratum (atypical 
Gram negative bacillus (yellow 
- Ps. aeruqinosa 
s t r a in) 
strain) 
pigment ) 
Mima polymorpha 
Bacterium anitratum (typical 
strain) 
4 -  B a ~ i l l 1 . s  c n  “I - 
5. Aerobacter cloacae 
6. Aerobacter aerogenes 
1. - Ps. aeruginosa 
2. Mima polymorpha 
3 .  Gram negative bacillus (yellow 
pigment) 
4. Aerobacter cloacae 
5. Aerobacter aerogenes 
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Table 2. Effec ts  of bac te r ia  on the growth of Chlorella Eyrenoidosa 
TX71105, bac te r i a l  growth i n  a lgal  cu l tures ,  and bac te r i a l  cont r i -  
bution t o  cul ture  mass (Ward e t  a l . ,  1964) 
Algal growth with bacter iaa  Viable bac ter ia  
b 6 
O.D. Cell N o .  D r y  W t .  No.Xl0 / m l  % Dry  W t .  Bacterium 
Mima polymorpha 104 80 95 311.3 1.03 
Bacil lus ,  gram neg. - 80 91 13.6 0.71 
Bacterium anitratum 89 77 87 
Bacterium anitratum 98 100  102 
(a typica l  s t r a i n )  
I 
Pseudomonas aeruqinosa 1 0 1  80 89 
Aerobacter cloacae 103 101 103 
Combined bacteriac; 91 85 88 
14.5 0.98 
1.2 0.56 
0.4 0.01 
22.2 0.25 
16.1 0.93 
Data a re  means of s i x  or more rep l ica tes  corrected for i n i t i a l s  and 
a 
bcorrected fo r  contribution of bac te r ia ,  
expressed as  per cent of bacter ia-free controls ,  
f i r s t  f i ve  bac ter ia  l i s t e d .  C 
~~ 
~~~~ 
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Table 3. S e l e c t i v e  u t i l i z a t i o n  o f  o x i d i z a b l e  subs tances  by bacter ia  
growing i n  a lga l  c u l t u r e s  ( V e l a  and Guer ra ,  1966) 
R a t i o  o f  oxygen consumed by 
t h e s e  tes t  bacteriaa F i l t r a t e s  from 4-day c u l t u r e s  
MPb BAAb G N B ~  of  the fo l lowing:  b BAT 
0.68 
0.16 TX71105 + BAT 0 0 0 
0.16 TX71105 + MP 0 0.03 0.03 
TX71105 + BAA 0 0.02 0 0.37 
TX71105 + GNB 0.12 0.07 0.15 0 
TX71105 + a l l  4 0 0 0.01 0 
Axenic C h l o r e l l a  TX71105 0.60 0.47 0.58 
a 9 R a t i o  of  ,441 O 2  consumed b y  10 s t a r v e d  bacteria i n  20 min. R a t i o  
r e p r e s e n t s  the amount o f  oxygen u t i l i z e d  by t e s t  bacteria u s i n g  c u l -  
t u r e  f i l t r a t e  as  substrate  and 0.025 M-glucose as subs t ra te .  The 
r e s u l t s  w e r e  c o r r e c t e d  f o r  endogenous r e s p i r a t i o n  as measured by 
u s i n g  Knop's medium 1.e.; 
- C u l t u r e  f i l t r a t e - K n o p ' s  medium 
0.025 -M-glucose-Knop I s medium 
bBAT, Bacter ium a n i t r a t u m  ( t y p i c a l )  : MP, M i m a  polymorpha; BAA, 
B a c t e r i u m  a n i t r a t u m  (atypical) ;  GNB, gram n e g a t i v e  bac i l l u s .  
. 
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T a b l e  4 .  E x t r a c e l l u l a r  products  of ch lo re l l a  m : e n o i d o s a  
‘TX71105 p r e s e n t  i n  axen ic  c u l t u r e  f i l t r a t e s  
Organic  ac ids  Amino acids  Other  
Fcl;tiar i c  
Lac t ic  
G l y c o l i c  
Oxal ic  
Pyrlivic 
O x a l a c e t i c  
Ascorbic  
Gluconic  
G a l a c t u r o n i c  
- k e t o g l u t a r i c  
Aspartic 
Glutamic 
S e r i n e  
Threonine 
I s o l e u c i n e  
Leucine 
Tyros ine  
Phenyla lan ine  
Lysine 
P r o l i n e  
Alanine 
Glyc ine  
Cys t ine  
V a l i n e  
H i s t i d i n e  
O r n i t h i n e  
Po lysaccha r ides  
S h o r t  pept ides  
Nucle ic  ac ids  
Ammonia 
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Figure  1. G r o w t h  cu rves  of Chlorel la  
pvrenoidosa  TX71105 and a gram-negative 
b a c i l l u s  added t o  the c u l t u r e  as a bac- 
t e r i a l  contaminant ( V e l a  and Guerra ,  1966) .  
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Figure 3 .  Growth of bacteria in algal cultures (Ward 
et  a l , ,  1964). 
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Figure  4 .  Concurrent growth of f i v e  bacteria i n  a 
c u l t u r e  of C h l o r e l l a  pyrenoidosa Tx71105 (Ward e t  a l . ,  
1964). 
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F i g u r e  6.. G r o w t h  of a gram n e g a t i v e  b a c i l l u s  i n  e f f l u e n t  Knop's 
s o l u t i o n  from 24-hour axenic  Chlorel la  pyrenoidosa  TX71105 cul- 
t u r e s .  
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8 
, 
110 m l  Culture f i l t r a t e  
Adjust pH t o  8.0 
I 10 ml CultLYe f i l t r a t e  (nucleic acids)  
0 
100 m l  Culture f i l t r a t e  
dizlyzed vs. water for  36 hours a t  5 C 
water changed 5 t i m e s  (350 m l  each) 
I I 
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equal volume d ie thy l  e ther  
Water e x t r a c t  V  Ether ex t r ac t ,  add 2 m l  water 
flash evaporate t o  2 m l  
and some organic acids)  
f l a s h  evapnrate e t h e r  at rccm texs. 
a t  5OoC (amino acids  (organic acids)  
Figure 7. Fractionation scheme I. 
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w i t h  e t h e r  
1 9 
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I ( f a t t y  a c i d s )  
I 
r e s idue -o rgan ic  Ether  e x t r a c t  
a s  sodium s a l t s  evapora te  t o  2 ml 
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v 
Adjus t  pH t o  1 .5  
wi th  1N H2S04 
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F igure  8. F r a c t i o n a t i o n  scheme 11. 
